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a b s t r a c t 

The turbulent transport in the edge of fusion reactors can be conveniently simulated by linear plasma de- 

vices with long duty cycles. At high input power steady state plasma discharges at PSI-2 exhibit intermit- 

tent fluctuations similar to the edge of toroidal plasma devices. As their influence on erosion predictions 

is obscured by time-averaged measurements a time-resolved Thomson scattering setup is installed and 

tested at PSI-2. Aided by a fast CMOS camera and conditional averaging a time resolution of 3 μs was 

achieved for temperature and density profile evolution in Argon and Deuterium discharges. A 40 kHz, 

m = 1 oscillation with 50 μs coherence time and 1 eV electron temperature amplitude was identified in 

Argon, while in Deuterium intermittent events were associated with a 4 eV rise in edge temperature and 

a 10% reduction of bulk density. 

© 2016 Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 
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. Motivation 

Linear plasma devices are widely used to study fundamental

lasma characteristics and were able to simulate turbulent parti-

le and heat transport representing first wall [1–3] or even diver-

or [4] conditions of fusion reactors. For the performance of fusion

eactors turbulent transport has been an obstacle since the begin-

ing of fusion research and the ever increasing understanding of

lasma transport answers questions about confinement, but raises

ew ones regarding the influence of turbulence on erosion. Driven

y strong pressure gradients in the edge of magnetically confined

lasmas this turbulent transport can constitute a large fraction of

he plasma transport [5,6] and manifests itself as filamentary inter-

ittent events (synonym to blob/avaloid), being found in (virtually

ll) toroidal and linear plasma devices [7] . 

While the understanding of intermittent transport and its in-

uence on plasma wall interaction is still incomplete experimental

calings towards steeper gradients (favorable for compact reactors)

oint to larger and radially faster filaments leading eventually to a

onvective transport regime comprised of these intermittent events

8] . Since the density shoulder flattens in these regimes the (faster)

laments could reach the first wall in a reactor. Plasma wall inter-

ction processes which depend non-linearly on the plasma temper-

ture, e.g. physical sputtering, are thus affected by the statistics of
∗ Corresponding author. 

E-mail address: m.hubeny@fz-juelich.de (M. Hubeny). 

b  

A  

l  

ttp://dx.doi.org/10.1016/j.nme.2016.12.006 

352-1791/© 2016 Elsevier Ltd. This is an open access article under the CC BY-NC-ND lice
he fluctuating plasma temperature. A common statistical identifi-

ation of the intermittency of fluctuations, skewness and kurtosis,

s always found to be positive for density/temperature measure-

ents in the plasma edge, which could lead to increased erosion

y filaments [9] or hotter charge-exchange neutrals [10] . 

The application of laser Thomson scattering (TS) to low den-

ity plasmas has been demonstrated extensively [11] and the inter-

retation of incoherent TS is rather straightforward compared to

ther methods, although it requires more sophisticated instrumen-

ation and integration over long times. While this usually elimi-

ates the possibility of time-resolved measurements, regularly oc-

urring plasma phenomena were resolved by triggering the laser

ccording to e.g. an oscillation of the discharge voltage [12] to

nd oscillating plasma parameters. Recently, the modulation of the

lectron velocity distribution in an inductively coupled plasma was

emonstrated by phase locking the laser trigger to the RF genera-

or of the plasma [13] . However, these techniques are applicable

or stable oscillations and/or long coherence times. Fast, intermit-

ent and unpredictable dynamics require a technique which does

ot integrate the scattered Thomson signal, but retains the tem-

oral information for later reconstruction. Furthermore, TS allows

nique access to the energy distribution function and thus addi-

ional insight to explain captured plasma dynamics. 

Fast framing CMOS cameras record the fast dynamics of the tur-

ulence, but integrate plasma emissions over a wide spectral range.

 combination of TS and a fast framing camera with convenient

ong measurement times in a steady state linear plasma device like
nse. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Schematic view of all components of TS diagnostic including PSI-2 chamber. 
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PSI-2 enables measurements of average density and temperature

with the fluctuation dynamics in the edge of the plasma by using

a conditional averaging method. To preserve the temporal informa-

tion in TS a photon counting method (similar to [14] ) is used. Thus,

the information of the fast dynamics in the CMOS camera are used

as a later software trigger for combining TS signal fulfilling the av-

eraging condition. The goal for the diagnostic method is to inves-

tigate intermittent events with the accuracy of TS in density and

temperature, retaining a high temporal resolution. 

2. Experimental setup and method 

PSI-2 is a steady-state linear plasma generator, which was

recently equipped with a Thomson scattering diagnostic setup.

Working gases for the arc-discharge operated device include hy-

drogen, deuterium and various noble gases, which constitute a

plasma of roughly 6–8 cm diameter in a magnetic field of ∼100

mT. PSI-2 is used for studies on plasma wall interaction and a

forerunner experiment to test diagnostics and sample handling for

JULE-PSI, where activated samples will be exposed. Details on the

operation and diagnostic setup of PSI-2 can be found in [15] . For

this study high-power, low gas-feed discharges were used in Ar-

gon and Deuterium. The complete diagnostic TS setup is shown in

Fig. 1 and starts with a Nd:YAG laser (Innolas Spitlight 20 0 0) op-

erated at the second harmonic wavelength of 532 nm, with a fre-

quency of 10 Hz and a maximum pulse energy of 1,2 J. Since this

energy exceeded the damage threshold of the aluminum coating

on the focusing mirror the actual pulse energy had to be reduced

to 40 0–70 0 mJ, measured at the beam dump. The laser beam is

expanded three-fold in a Galilean type telescope and then guided

to the PSI-2 plasma chamber over a distance of 30 m by six dielec-

tric mirrors of which three are remotely motor controlled. Finally,

the laser spot with 3 cm diameter is focused with a custom-made

focusing mirror with a focal length of 1.9 m. Position control of

the laser beam was realized via surveillance cameras observing the

diffuse reflection of the laser beam with high exposure times (to

avoid flickering) behind 1% gray filters. The coupling of the laser in

and out of the vacuum chamber consists of two Brewster windows

mounted on the end of long tubes containing baffles. 

Triple grating spectrometer. The TGS is a fiber-coupled version of

[14,16] and designed for high throughput and stray-light rejection.

A radial profile of 13 cm is focused by a 135 mm F/2 Canon lens
nto 132 fibers with a diameter of 250/275 μm (core/cladding).

ach fiber collects light from a circle of about 1 mm diameter.

he fibers are rearranged in pairs of three according to Fig. 1 and

onstitute the entrance slit of ∼750 μm of the TGS. The physical

otch filter in the TGS design provides a blocking ratio of the cen-

ral laser wavelength surpassing any optical filter. The intermediary

lit blocks stray-light from within the TGS to reproduce the original

lit without the laser signal, but can also be used to reduce the ef-

ectively used slit and increase the spectral resolution, e.g. for cal-

bration purposes. Finally, the PiMax 4 camera with a Gen3 sensor

nd fiber-coupled image intensifier records the scattered spectrum

ith a minimal shutter speed of 3 ns at twice the laser repetition

ate and in photon counting mode, i.e. every trigger is read out

mmediately. In this way, the plasma background is measured si-

ultaneously, dark current is negligible and the received photons

re discriminated against the readout noise only. 

hoton counting. To achieve a frame rate of 20 Hz 4 pixels on

he CCD chip are binned in the radial direction and the common

atlab TM findpeaks routine is applied vertically and horizontally

long each frame and line. All the found peaks are added logi-

ally (AND operation) to avoid double-counting of a single pho-

on signal spread over several pixels. Nevertheless, the summation

f all surrounding pixel counts is necessary to account for two

hoton events. The threshold for two photons is a total of 10 0 0

ounts, while the average single photon event produces 350–400

ounts. Using this average count rate per photon the photon count-

ng method is in agreement with the usual CCD integration of sig-

al. 

ast camera. The fast framing, monochrome CMOS camera Phan-

om V711 is used at a reduced resolution of 256/384 (radial) by 16

axial) pixels to enable a frame rate of f s = 330 kHz synchronous

o TS. Higher frame rates (0.6-1 MHz) are used in stand-alone

ideos. A f = 18-35 mm, F/1.8 wide-angle lens was used at f =
4 mm to image a radial profile of 20 cm, while the axial pixels

re software binned. The depth-of-field is approximately 6 cm and

he focus is in the same plane as the TS laser but shifted about

 cm axially to avoid direct laser stray-light, while its reflection in

he chamber is used for synchronization. The brightness signal is

maged by the CMOS camera without filters, since there are multi-

le lines emitting in Argon. In deuterium D α is the strongest line,
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Fig. 2. TS equilibrium profiles of n e and T e in Argon and Deuterium. 
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Fig. 3. Profile evolution of brightness fluctuations compared for Argon (a) and Deu- 

terium (b) discharge. 
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ut a filter transmits only 50% even at the design wavelength and

hus reduces the maximum shutter speed. 

iming scheme. Since the laser and TGS are only 5 m apart and

aser path and optical fibers each 30 m in length, there is no need

or a dedicated timing generator, but the Pockels cell (PC) trigger

utput is used directly to trigger the PiMax camera. The PC trig-

er is guided to a LeCroy crate and repeated after 50 ms to cre-

te a 20 Hz trigger. The jitter of 1 ns observed by an oscilloscope

s acceptable and accounted by setting the shutter time to 10 ns,

hile the stated laser waveform has a 7 ns length. Scanning with

he minimal shutter speed of 3 ns across the laser waveform con-

rmed the usage of a 10 ns gate length. In order to observe the

lasma state by the fast camera before the laser shot, the flash-

amp trigger (FL) is used for the fast camera similar to the PC trig-

er. The rising edge of the FL trigger is guided to the LeCroy crate,

oubled and send by BNC to the fast camera. For its 1 / f s = 3 μs

ccuracy a jitter between FL and PC trigger is not observable and

he fast camera is triggered sufficiently accurate about 200 μs be-

ore the laser beam arrives in the chamber. The camera is used in

urst mode such that every FL trigger causes the recording of only

00 frames at f s , reducing overall memory consumption and easing

nalysis and synchronization. The frame in which the laser reflec-

ion is visible is delayed to frame 55 to access the plasma state

bout 140 μs before and after the TS measurement. 

. Results 

Fig. 2 shows equilibrium profiles obtained by TS for discharges

n Argon (a) and Deuterium (b) based on 21,0 0 0 and 42,0 0 0 laser

hots at an average energy of 660 mJ and 620 mJ per pulse, re-

pectively. The profiles of n e and T e are compared. The absolute

alibration of n e was performed by Raman scattering on Nitrogen

efore and after the discharges at pressures in the range of 10–30

bar in the PSI-2 chamber, following the procedure described in

16,17] . The pressure is converted to the number density of scatter-

ng centers in Nitrogen by using the chamber temperature, while

he total cross-sections of RS and TS are known. Then the total

cattered power ratio between RS and TS corresponds directly to

he ratio of electron density to nitrogen gas density, eliminating

he influence of the collecting solid angle, optical efficiencies and

aser power, provided these quantities are constant or accounted

or drift/deliberate change. The spectral calibration was done with

 Neon discharge lamp at an intermediate slit width of 100 μm.

he fibers are back-illuminated and focused on a scale metal plate

t the laser plane for spatial calibration. The discharges are car-

ied out with high currents of 350 A/300 A and low gas feeds of
0/55 sccm, resulting in a power coupling to the plasma of 25–30

W. Both profiles show a slightly hollow n e and T e profile with a

aximum at r = ± 2–3 cm. The density in Argon reaches 1.8 ×
0 18 m 

−3 and 1.6 × 10 18 m 

−3 in the peaks and drops of after r =
3 cm, while the n e profile peaks at the same radial position but

t 1 × 10 18 m 

−3 in Deuterium. In contrast, the temperature reached

n Argon is much lower than Deuterium (4.5 eV–9 eV). 

Qualitatively, these findings agree with Langmuir probe mea-

urements insofar the profile shape of plasma temperature and

ensity are concerned. Higher temperatures and lower densities for

ike powered Deuterium discharges compared to Argon are con-

rmed, while the absolute figures differ by a factor of roughly 2.

ne of the most critical issues is probably the anisotropy caused by

he magnetic field which make Langmuir probe measurements dif-

cult to interpret quantitatively, especially for absolute density de-

ermination since the effective collecting area is not well defined.

urthermore, the probe is situated about 10 cm axially upstream

nd measures only one side of the profile vertically, whereas the

S profiles are inclined 55 ° from the vertical axis. However, this

ay only account for part of the deviation, since azimuthal and

hort axial variations of plasma parameters are small. 

The error for TS results is estimated by the combination of stan-

ard deviation of the signal time series in each pixel channel and

he confidence level of the fit routine for the spectra. The plasma

ackground is subtracted immediately and before and after each

ischarge the laser stray light is measured and subtracted as well.

he systematic error for the Raman calibration is dominated by the

% uncertainty of the anisotropy polarizability for calculating the

aman scattering cross-section in [18] . 

.1. Dynamics 

Fig. 3 compares a sample of the brightness profile evolution of

he plasma column for a discharge with Argon (a) and Deuterium

b), respectively. The mean profile is subtracted and only the fluc-

uating parts are shown. The Argon profiles show a clearly visible,

eriodic oscillation in its brightness. The oscillation is not coher-

nt in time and also the mode number is not stable, while the

 = 1 mode is the most prominent. A Fourier analysis shows a

ingle frequency (f = 40 kHz) with its harmonics. In contrast, the

euterium discharge shows large outreaching structures. While the

scillation in the main plasma is in the order of 80 kHz, there

s an additional faint slow oscillation ( ∼10 kHz) which is only
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Fig. 4. T e profiles for CA case t = −12 μs (black) and t = −3 μs (red) compared 

to the average T e profile (blue). (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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present in the plasma edge. A typical example of a strong inter-

mittent event is shown in Fig. 3 b at positive radii beginning at t =
160 μs, indicated by the dashed line. The radially projected velocity

estimated by the slope of the line is ∼5.6 km/s, while an under-

lying azimuthal movement would require higher velocities, which

are in the range of the phase velocities of the oscillations (10–15

km/s). 

The low gas-feed discharges have been selected for investiga-

tion for the ion-neutral collisions stabilize instabilities by friction

and thus using a low gas flow rate allows a more turbulent plasma.

However, the higher ion mass of Argon also has a stabilizing ef-

fect due to the inertia of ions slowing down the dynamics of the

electrons. This explains the qualitative difference between the two

discharges, while the exact type of instability is uncertain due to

missing spatial information. A resistive drift wave model was suc-

cessfully employed to explain intermittent dynamics at NAGDIS-II

in [19] and simulations are ongoing for PSI-2. 

Since the Argon discharge produces a tenfold higher brightness

signal with slower dynamics and its higher TS signal due to the

higher equilibrium density, the Argon discharge is now presented

as a test case for the diagnostic method and then the Deuterium

discharge is analyzed focusing on the intermittent events at the

plasma edge. 
Fig. 5. CA of brightness an
ime-resolved TS on Argon discharge. About 14,0 0 0 out of 21,0 0 0

hots were recorded synchronously with each 100 frames of the

ast camera and can be used for the time-resolved analysis. For

hese shots the conditional averaging is triggered, i.e. the shot is

art of the TS analysis, at a certain radial position in the fast cam-

ra data and above a fluctuation level threshold expressed in stan-

ard deviations σ . The trigger time of the CA can theoretically

e set from frame 1 to 100, but for a proper recognition of the

lasma state it is limited hereafter to 35 frames before and after

he laser containing frame. The conditional averaging creates a de-

aying oscillation with its maximum at the trigger time, but the

S measurements are always obtained at frame 55. Thus, by cy-

ling through all the time shifts the average structure is measured

ith the time resolution of the fast camera. Fig. 4 shows exam-

les of T e profiles corresponding to the plasma state at t = −3 μs

nd t = −12 μs (respective to CA trigger time) compared to the

quilibrium profile. As the subset contains only about 1600 laser

hots the statistical errors are increasing, yet the deviation of the

wo opposite phases of the oscillation are beyond the error at the

rofile maxima. To increase the accuracy for the subsets the radial

esolution was reduced by a factor of two. The complete analysis

ver 71 frames in 3 μs time steps, centered around the laser shot

ontaining frame, is shown in Fig. 5 . First, Fig. 5 a shows the 71

rightness profiles shifted by each trigger time and added to com-

ose the average evolution of the oscillation in time. The T e pro-

le is shown in Fig. 5 b for the subset data corresponding to shift-

ng the CA trigger time continuously from t = − 105 μs to t = +
05 μs. 

Fig. 6 cuts across the previous 2D evolution and shows the av-

rage of 3 time traces centered around r = ± 2.3 cm without their

ean values together with the so far neglected TS n e evolution.

he resemblance of the brightness signal is clearly visible in the

 e profile evolution in Fig. 5 as well as in the traces in Fig. 6 . The

scillation in T e and brightness is matching in phase and in the

ecay of its amplitude. While the brightness images the complete,

eeming rotation, visible in the center of Fig. 5 a, the TS profiles

ack the connection between the maxima. This is caused by the

ast camera depth-of-field of 6 cm, which images the rotation also

ut of the laser plane, while the TS signal is strictly emitted and

ollected from the laser beam diameter. The amplitude of the T e 
scillation is about 1 eV corresponding to 20% of the T e = 4.5 eV

verage value at the profile maxima. The frequency of this oscilla-

ion is f = 40 kHz, which is consistent with the brightness power

pectrum, obtained without conditional averaging. The correlation
d T e in eV for Argon. 
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Fig. 6. Traces of n e , T e and brightness in upper and lower maxima. 

Fig. 7. CA of brightness, n e and T e in Deuterium. 
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Fig. 8. Time traces of bulk n e vs. bulk brightness and edge T e vs. edge brightness. 
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ime of the oscillation is estimated to t τ ≈ 50μs by a fitted expo-

entially decaying envelope function. 

The TS n e misses resemblance in the brightness, although a sig-

ificant increase of n e by about 2 × 10 17 m 

−3 at t = 0-3 μs is visi-

le at r = −2.3 cm and about half at r = 2.3 cm. If a stable phase

nd/or frequency relation is missing between T e and n e , oscillations

f n e average out in the process of the CA subset creation and only

he initial maximum is retained. 

ime-resolved TS on Deuterium discharge. For the time resolved

nalysis of the deuterium discharge a total of 42,0 0 0 laser shots

ere used. The creation of the subsets is done in the same way as

or the Argon discharge, but the CA trigger is set at r = 7.24 cm

ith a threshold of σ = 1.5. The average subset contains about

0 0 0 laser shots, thus the radial resolution was also reduced by a

actor of two compared to the equilibrium profile analysis. Fig. 7 a

hows the CA of the plasma brightness. Since the frame rate is 330

Hz as compared to the 715 kHz in Fig. 3 b, the intermittent event

s imaged less sharp. A slow variation of the edge plasma is visible

n the brightness as well as the increase of the core brightness and

udden darkening upon appearance or ejection of the intermittent

vent. 

The n e profile in Fig. 7 b shows an increase of the bulk den-

ity and sudden decrease, but the fast oscillations from Fig. 3 b are

either visible in the brightness nor in the density or tempera-

ure profile. However, the temperature profile evolution in Fig. 7 c

hows a sharp rise in the edge temperature. These dynamics are

ortrayed more detailed in Fig. 8 . The time traces of the averaged

ensity within r = ± 3 cm is compared to the average brightness

n the same range and the edge temperature is compared to the
dge brightness. Both brightness signals are adjusted in amplitude

nd fit remarkably well, despite comparing it to density and tem-

erature. The bulk density drop around the intermittent event by

bout 10% or 7.5 × 10 17 m 

−3 could be explained by the expulsion

f plasma. From the CA it is not clear whether there is an m = 0

ode responsible, since the 100 frames are not capturing the

hole dynamics, yet the frame rate is too slow to resolve details.

owever, conclusions could be drawn from the free-running CMOS

amera measurements with higher frame rates, where m = 1 and

 = 2 modes grow rapidly and cause far reaching events shortly

fter. Furthermore, the onset and expulsion seems to be connected

o a slower 10 kHz oscillation in the edge, since it is appearing

n the CA. The transfer of free energy from lower to higher mode

umbers is a likely explanation for intermittence, with the slow,

uter oscillation pushing the growth rate of the emerging inner

odes. The temperature rises significantly at the peak of the in-

ermittent event and corresponds to the temperature in the max-

mum of the discharge. Since the time trace of the brightness ex-

ibits a positive skewness of S = 0.5 −1 in the edge, the tempera-

ure fluctuations likely posses the same statistical properties. 

. Conclusion 

The proof-of-principle of using CA on TS has been demonstrated

n Argon discharges, where the brightness is correlated to a 20%

emperature fluctuation. In Deuterium intermittent events are par-

ially resolved and likely responsible for the 10% bulk density drop.

he intermittent event is linked to a significant temperature rise

pon ejection. 

Since the fluctuating pattern extracted by conditional averaging

s consistent with free-running fast camera measurements, these

nd potentially faster dynamics are present in the plasma and the

tatistical properties of the brightness fluctuations apply to tem-

erature fluctuations as well. This emphasizes the importance of

ncluding these fluctuations in processes concerning plasma wall

nteractions. 

Both the TS system and the fast camera have potential for fur-

her improvements. The laser power restriction will be lifted with

 dielectric mirror and an f = 2 m lens. The beam spot was about

–3 mm during the present experiments, while 1 mm is the theo-

etically expected diameter, based on the laser divergence. The fast

amera will be equipped with an F/1.4, 24 mm wide-angle lens,

hich will allow higher shutter speeds or the use of filters. Fi-

ally, the steady state character of the device allows for prolonged

easurement times. With the increased signal the electron veloc-

ty distribution function becomes accessible for equilibrium mea-

urements and the dynamic measurement gains certainty or time

esolution. 
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